I. INTRODUCTION The law of equilibrium distribution which governs the low-temperature pair formation of divalent cations and cation vacancies in alkali halides' and that of trivalent cations and interstitial anions in alkaline-earth halides 2 has been useful in the interpretation and prediction of spectroscopic data on compensated lattices 2 -7 in which aliovalent cations and lattice defects interact as ions of opposite unit charges in a crystalline solution. 
• 7
There are fourteen dominant (4. 2 K narrow-line fluorescence) transitions in KCl: Sm 2 • spanning the wavelength region 6891-9440 A. 3 These lines approximately follow the Land~ interval rule, and probably arise from the radiative decay of the 5 D 0 to the 7 F J levels of the 4( 6 ground configuration in Sm 2 •. 6 All these fourteen lines, as well as weaker fluorescence lines of KCl: Sm 2 •, show Ze.eman effects under external magnetic fields up to 93. 5 kG. 3 -7 Through Zeeman anisotropy fluo-3 rescence (ZAF) determinations, the no-field lines 7 at 7014. 7 A (0-1) and 7264. 4 A (0-2) have been attributed to C 2 v symmetry origin, the no-field lines at 7282. 8 A (0-2), 7 7304. 6 A (0-2), 7 8204. 9 A (0-4), 3 and 9439. 1 and 9440. 0 A (0-6 ) 3 have been attributed to C 4 v symmetry origin, and the no-field lines at 7031. 7 A (0 -1), 7 7694. 5 A (0-3), 5 and 8778.4 A (0-5) 5 have been attributed to C • site symmetry origin. The 0-0 line at 6891. 9 A as well as the diffuse no-field lines at 7048.2 A (0-1) and 7327.6 A (0-2) show Zeeman shifts at high fields, but they do not give rise to discernible ZAF patterns even at 93. 5 kG. 7 The sites responsible for these lines thus far remain unknown. The assignment 5 of the no-field line at 7694. 5 A to the c.(2, 1, 1) pattern is tentative due to the presence of the no-field line at 7693. 5 A (the symmetry origin of which has yet to be determined) in its close proximity: Additional work is necessary to isolate the overlapping ZAF patterns, which at 26. 5 kG occur in the 7693-7695. 3-A region.
There are three main goals in the present work: (i) to determine the site symmetry origin of the thus far unknown no-field line at 7693.5 A(O-3) which, in turn, will eqable us to confirm the c. (2, 1, 1) origin of the no-field line at 7694. 5 A; (ii) to examine the possible existence of site symmetries other than c41h c2V> and C.{2, 1, 1); and (iii) to propose radiative lifetime measurements as a new technique for the site symmetry determination of lines which do not give rise to discernible ZAF patterns.
In achieving goal (i), we have resorted to field dependence investigations in which ZAF patterns are traced to their original no-field lines. The angular dependence of the Zeeman components in a ZAF pattern is ascertained through their line intensities 50 as recorded with tracings of the photographic plates from a high-resolution comparator microdensitometer. In accomplishing goal (ii), we have examined the schematic ZAF patterns for all the possible Sm 2 • sites in KCl. A systematic search has been made among the weaker lines in all the J manifolds for novel site symmetries [C 3 ., c.(II), and C 1 ] which have not been previously observed. Goal (iii) is achieved by establishing the fact that for a given site there is one and only one characteristic radiative decay lifetime from a single excited level. As a result of these investigations, we wish to report (i) the discovery of the C 3 • symmetry origins of the no-field line at 7693. In the free-ion state, the LS coupling scheme is usually considered as a good approximation for the Sm 2 ' ion. The lf 6 aLSJM) free-ion states, where a denotes all other quantum numbers not specified, are employed as the zeroth-order wave functions in our problem. In a crystalline lattice, the crystal field potential contributes a term to the total Hamiltonian of the Sm 2 • ion. The term is usually expanded as a series of spherical harmonics, He~= L, A~r\Y~(II.,¢ 1 ), (1) J,rn , l where the expansion coefficients A~ are determined by the position of the charge compensation in a complex of a given site symmetry. In t e rms of the Wigner-Eckart theorem, a typical matrix element of the crystal field perturbation matrix can be writtens (f 1 aLSJMI J<' c 1 lf
C~~· is a Wigner coefficient and (aSLJIIY 1 11 aSLJ) a reduced matrix element. The diagonalof the crystal field perturbation matrix rein the crystal field states, provided that coMflri.,,nt" B~ are known.
U one assumes the point charge model, the crysfield expans ion coefficients Aj ar e
where R 1 is the distance between the jth ion and the central ion, the sum extends over all the ions of the lattice, and q 1 is the effective charge of the jth ion. The point charge model, however, ignores effects arising from charge overlap, covalency, polarization of the lattice about the central ion, as well as the lattice distortion about the divalent cation-compensation pair. Equation (3) 
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given in the text since it has not been observed in the present investigation or elsewhere. [See anisotropy pattern in Fig. 1 (c) .] For the type-II C 8 (3, 1, 0) site there are 24 equivalent sites. In Fig. 1(e) , twelve of these sites are shown lying on three faces of a cube of (6a)3. Each site lies +a or -a away from the center of a cube face in one of the six major crystal planes {100}. Again, the remaining twelve sites are obtained It is important to realize that it is possible to identify experimental ZAF patterns according to the schematic patterns shown in Fig. 1 without ever having to solve the matrix equations involving the perturbation Hamiltonians of Eqs. (1) and (4) . When the no-field line is intense and its Zeeman components well resolved, it is possible to determine its symmetry origin beyond any doubt. Difficulties arise when the ZAF patterns of two no-field lines of comparable intensities overlap, particularly when a lower-symmetry (and thus more complicated) pattern is involved. Such difficulties are encountered in the case of the overlapping ZAF patterns of the 7693. 5-and 7694. 5-A no-field lines in o-3. Although the C 8 (2, 1, 1) origin of one of the two lines was apparent, 5 an additional anisotropic Zeeman component was not satisfactorily accounted for. In a detailed analysis given in Sec. IV, we shall overcome these difficulties in arriving at the correct solution.
B. Characteristic Radiative Ufetimes Lifetime measurements on rare-earth ions in ionic crystals have been reported by a number of authors in recent years. 10 -13 Usually, these works focused on the temperature dependence or concentration dependence of the lifetimes. In the present work, we shall discuss the use of lifetime measurements as a tool for distinguishing the various symmetry types of Sm 2 • in J<"Cl. where A 1 is the total Einstein spontaneous-emission probability from the ith level to all lower levels, and g 1 is the degeneracy of the ith level. Here, we have assumed that a Maxwell-Boltzmann distribution of the n excited levels is achieved through rapid phonon processes and that there are no nonradiative transitions to the ground levels. In KCl: Sm and where e is the electronic charge of the electron and m is the mass of the electron. For electric dipole transition moments, only opposite parity components of 0 and J give rise to nonvanishing contributions, while magnetic dipole transition moments arise from matrix elements connecting free-ion states within the 4/ 6 ground configuration. Since 0 and J are unique for a given Sm 2 • site according to :leer in Eq. {1), it follows that each type of Sm 2 • site must possess a distinct and characteristic effective radiative decay lifetime. The important experimental handle on the problem of site distribution which emerges from the above argument is that if a given Sm 2 • ion site radiatively decays through several fluorescence transitions, its effective decay time can be determined by monitoring any one of these fluorescence transitions. Conversely, if the characteristic radiative decay lifetimes of the various Sm 2 • symmetry species are known, it is in principle feasible to determine the symmetry origin of any fluorescence transition by measuring its effective decay time and matching it with one of the known characteristic lifetimes. In general, even if the decay process is not purely radiative, and 1/r.u is the sum of all the decay probabilities, radiative and otherwise, the lifetime is still characteristic of the site symmetry. These ideas will be further developed in the following sections as we describe the lifetime measurements and their interpretations.
III. EXPERIMENTAL PROCEDURE
KCl: Sm 2 • crystal samples were grown in a H 2 atmosphere using the Czochralski technique.
14 An EDT A analysis was carried out to show that the crystals contained 3. 6 x 10 18 (Sm 2 • ions) cm-3 • All spectra were measured spectrographically at 4. 2 K. A 600-W tungsten-halogen lamp was used to pump in the 3800-6000-A broad bands. The crystal sample was suspended in a narrow Dewar tip and submerged in liquid He. For low magnetic fields (up to 26.5 kG) a Varian V-3900 12-in. low-impedance electromagnet with a 1i-in. gap was used. The 4. 2 F. anisotropy and low field dependence spectra were taken on a 2-m Jarrell-Ash (model 75-174) spectrograph with a grating (102 mm x 102 mm, 1180 g/mm) blazed at 1. 0 JJ.. The spectra were recorded on Eastman Kodak N and hypersensitized M plates. Higher field measurements were made at the Francis Bitter National Magnet Laboratory employing a 2-m Bausch and Lomb grating spectrograph. Reading of the photoplates was accomplished by means of a direct scanning Grant-Daytex comparator microdensitometer which was coupled to a Varian statos I (model 150) electrostatic recorder. The comparator has a reproducibility of± 0. 25 JJ. and is equipped with both a viewing screen and a split-im-age oscilloscope display which enhances speed and accuracy of photoplate allignment. A photomultiplier takes transmittance (T) data and presents them as density values (1 -T). 15 Reproducibility was in most cases better than 0. 05 A.
In lifetime measurements, the crystal was pumped with the light from an EGG FX-12 flashlamp. The resulting fluorescence at 4. 2 I<, passed through a 0. 25-m Jarrell-Ash grating monochromator, was registered on a photomultiplier tube (RCA 7265) with an S-20 response. The signal was recorded photographically from an oscilloscope trace. A combination of blue and red filters prevents the pump light from entering the monochromator. at 7693. o~ and 7694. 8s A belong to the 7694. 5-A nofield line, a crucial piece of information not available to us without the field dependence data given in Fig. 2 . The 7693. 4 6 -A component (0°) arises from the 7693. 5-A no-field. In view of its lack of splitting with H11[100) (Fig. 2) , it is most probably due to a singlet transition of C 3 v origin. [See ZAF pattern in Fig. 1(c) .] Upon angular rotation of the magnetic field, it splits into two subcomponents (Figs. 3 and 4) , giving rise to a ZAF pattern that is immediately recognizable as a C 3 v pattern [ Fig.  l(c) ]. The 0° component at 7694. 8 8 A splits into three subcomponents as the field angle increases. The 0° component at 7693. 0~ A must merge into the component at 7694. 8 8 A after 90° rotation of H since both of these two components arise from the same no-field origin (Fig. 2) . With this information we readily arrive at the experimental ZAF pattern [which agrees perfectly with the Cs (I) schematic pattern shown in Fig. 1 (d) ) arising from the 7694. 5-A no-field line by simply connecting the points observed in addition to these assigned to the C sv pattern arising from the 7693. 5-A line.
The angular dependence of the Zeeman components (at H = 24. 5 kG) in the 7696-7700-A region (0-3) is shown in Fig. 5(a) . These weak Zeeman components arise from a single no-field line which is manifested through extrapolation from field dependence data in Fig. 2 . When a single no-field line splits into three components with H11[100), it must be of either Cs(II) or C 1 symmetry origin [see Figs. 1(e) and 1(f)]. Although several weak components are missing, a C,(II) interpretation of the observed lines gives a reasonable representation of the experimental data.
In Fig. 5(b) we present evidence for the observation of a very weak C 3 v ZAF pattern which arises from the weak no-field line at 8742. 8 A (0 -5).
Because of apparatus limitations, lifetime measurements are restricted to dominant lines in O-J transitions with J~ 4. In addition to the narrow-line 0-J transitions, broad-band transitions are also observed. Typically, the broad-band fluorescence (probably d-f) lifetimes (-10· 1 msec) were observed to be orders of magnitude shorter than those (-10 msec) of the narrow-line fluorescence. The results of lifetime measurements on dominant 0-J lines are given in Table I , along with the corresponding symmetry identifications. The lifetimes have been determined from least-squares fits of exponentials to oscilloscope traces and are given in Table I as averages of three or four trials, along with their standard deviations.
We have found two C4v lifetimes: -9. 5 msec at 7282. 8 A (0-2) and 8204. 9 A (0-4); -11. 2 msec at 7304. 6 A (0-2). This finding is in agreement with the earlier conclusion completion. In an initial paper 3 on ZAF spectroscopic investigation into KCl: Sm 2 •, the dominant transitions in 0-6 and 0-4 were found to be of C 4 • symmetry origin, which raised serious doubts to the single C 2 v(1, 0, 0) complex spectroscopic analysis made by Bron and Heller• for the same system. A s t atistical mechanical calculation 1 was subsequently made for an idealized system of divalent cations charge compensated by K' vacancies. It was predicted 1 that a distribution of site symmetries must exist and that the third -nearest-neighbor C • (2, 1, 1) site is of great prominence in this distribution, which was confirmed 5 by experimental ZAF observations. Of the fourteen dominant fluorescence transitions, ten have been shown in these previous papers 3 -7 to arise from c .. , c.(I), and C 2 v sites.
The symmetry origins of the remaining four lines have been determined in the present work. Results of the various symmetry determinations are tabulated in Table I .
The problem of overlapping ZAF patterns such as those arising from the 7693. 5-and 7694. 5-A lines has been dealt with in the preceding paragraphs. There exists still another difficulty which complicates the problem of line symmetry assignment: missing lines in an otherwise well-resolved ZAF pattern. For example, if the isotropic line due to site c [ Fig. 1(a) ] is missing from the C 4 • ZAF pattern, the resulting pattern becomes indistinguishable from a C 2 v pattern with the latter pattern's lines due to sites band b' [ Fig. 1(b) Table I ). The possible observation of a dominant C 2 • line due to a secon9 C 2 v site other than C 2 v x (1, 1, 0) vacancy pair is very unlikely due to the fact that the probability of finding the C 2 .(2, 2, 0) vacancy pair is negligibly small 1 and that 0 2 " ion compensation does not give rise to C 2 • sites.
The observation of two dominant tetragonal sites by lifetimes, c •• (I) with T off-9. 5 msec and C4v(II) with T , 11 -11. 2 msec, gives strong support to the earlier conclusion that 0 • vacancy pairs beyond the second nearest neighbors were collectively observed as "cubic" sites.
In conclusion, we have definitively shown by means of several spectroscopic methods (ZAF, field dependence, and characteristic lifetime measurements) that a distribution of Smz. sites exists in KCL We have further shown that in addition to K• vacancies, apparently 0 2 " ions participate in the charge compensation of the Sm 2 • ions. The method outlined 1 for the divalent cation-vacancy pair distribution can be readily extended to include the presence of 0 2 " ions in the Cl" sublattice. The problem of compensated lattices is thus well defined within the scope of our investigations.
